In the first step of tetrapyrrole biosynthesis in Escherichia coli, glutamyl-tRNA reductase (GluTR, encoded by hemA) catalyzes the NADPH-dependent reduction of glutamyl-tRNA to glutamate-1-semialdehyde. Soluble homodimeric E. coli GluTR was made by co-expressing the hemA gene and the chaperone genes dnaJK and grpE. During Mg 2؉ -stimulated catalysis, the reactive sulfhydryl group of Cys-50 in the E. coli enzyme attacks the ␣-carbonyl group of the tRNA-bound glutamate. The resulting thioester intermediate was trapped and detected by autoradiography. In the presence of NADPH, the end product, glutamate-1-semialdehyde, is formed. In the absence of NADPH, E. coli GluTR exhibited substrate esterase activity. The in vitro synthesized unmodified glutamyl-tRNA was an acceptable substrate for E. coli GluTR. Eight 5-aminolevulinic acid auxotrophic E. coli hemA mutants were genetically selected, and the corresponding mutations were determined.
Archaea, plants, and most bacteria synthesize 5-aminolevulinic acid (ALA), 1 the common precursor molecule of all tetrapyrroles, in a two-step reaction from glutamyl-tRNA (Glu-tRNA) (1) (2) (3) . In the first step, glutamyl-tRNA reductase (GluTR) catalyzes the NADPH-dependent reduction of tRNA-bound glutamate to glutamate-1-semialdehyde (GSA). Subsequent transamination by the pyridoxamine 5Ј-phosphate-dependent glutamate-1-semialdehyde-2,1-aminomutase (GSA-AM) produces ALA (1, 4, 5) . The molecular mass, oligomeric state, and catalytic mechanism of GluTR has been the subject of lengthy discussion (6 -12) . Recently, the properties of recombinant GluTR from the hyperthermophilic Archaea Methanopyrus kandleri were investigated (13) . This enzyme requires only NADPH as cofactor and displays maximal activity in a metal-free reaction. Chemical modification and site-directed mutagenesis identified a single catalytically essential cysteine (13) . Based on biochemical data, a catalytic mechanism for the enzyme was proposed and subsequently explained by the high resolution crystal structure of GluTR complexed with the substrate-like inhibitor glutamycin (14, 15) . The enzyme is a homodimer in which each monomer consists of three domains linked by a long "spinal" ␣-helix. The N-terminal catalytic domain specifically binds the glutamate moiety of glutamycin. It bears the cysteine poised to attack the aminoacyl linkage of the natural substrate glutamyl-tRNA. The potential thioester intermediate is finally reduced by direct hydride transfer from NADPH supplied by a second, NADPH binding domain to form the product GSA. The third domain of M. kandleri GluTR is responsible for dimerization through ␣-helices from two neighboring monomers. This creates the unusual overall V-shape of the enzyme. Similar catalytic and structural properties have been proposed for plant GluTRs (16) .
Here we present a biochemical characterization of wild-type and mutant Escherichia coli GluTR enzymes. The enzymatic mechanism is similar to that of M. kandleri as demonstrated by chemical trapping of the corresponding enzyme-bound acyl intermediate.
EXPERIMENTAL PROCEDURES

Construction of the E. coli hemA Expression Vector pBKCwt-The
1254-bp E. coli hemA gene encoding the 418 amino acid residues of GluTR was amplified by PCR using chromosomal DNA from E. coli strain DH5␣ as template and the primers pBKCwtfor (5Ј-GCGCG-GATCCCATGACCCTTTTAGCACTC-3Ј) and pBKCwtrev (5Ј-CAGGCT-CAGCTACTCCAGCCCGAGGCTGTC-3Ј). The resulting PCR fragment was digested with BamHI and BlpI (underlined in the primer sequences) and ligated into the appropriately digested vector pET15b (Novagen, Madison, WI) to generate pBKCwt. This cloning strategy fused the 5Ј end of E. coli hemA to six histidine codons for subsequent affinity chromatographic purification of recombinant GluTR.
Genetic Selection, Characterization, Cloning, and Sequencing of hemA Mutants-E. coli cells carrying a hemH mutation are sensitive to visible light (17) . The E. coli hemH mutant has a light-sensitive visA phenotype via the accumulation of photoreactive protoporphyrin IX. Further mutation of additional hem genes abolishes the accumulation of the intermediate and reverses the light-sensitive phenotype. If such selected mutants are recovered by the addition of ALA to the growth medium they are either defective in hemA or hemL. Complementation with appropriate plasmid-encoded genes helps to distinguish between both loci (18) . A total of eight different mutants with mutations in hemA were selected. The gene hemA and flanking DNA sequences of such mutants were amplified from their genome by PCR as described above. The corresponding constructs are pBKC104 (G191D), pBKC107 (G7D), pBKC108 (R314C), pBKC110 (G44C/S105N/A326T), pBKC111 (G106N), pBKC112 (S145F), pBKC113 (S22L/S164F), and pBKC236 (E114K). Mutations were identified by complete sequence determination of each isolated hemA gene.
Site-directed Mutagenesis of E. coli hemA-To exchange individual residues of E. coli GluTR, the QuikChange TM kit (Stratagene, Heidelberg, Germany) was used according to the manufacturer's instructions. The following oligonucleotides were employed with the introduced codons underlined: GTGCTGTCGACGTCTAACCGCACGGAAC (C50S), GTTAATCCGCTGGCTTTCTGATTATCACAATC (C74S), and GCTTTTGCGGCTTCTACGCTGGCGCG (C170S). Mutant E. coli hemA genes were expressed, and recombinant proteins were purified as described below.
Overexpression of Wild Type and Mutant E. coli hemA and Purification of Recombinant GluTRs-E. coli BL21(DE3) carrying pBKCwt and pRDKJG (coding for the dnaK chaperone gene and the co-chaperone genes dnaJ and grpE) was cultivated in LB medium containing 100 g/ml ampicillin and 25 g/ml kanamycin at 37°C to an A 578 of 0.7. After the addition of 250 M isopropyl-␤-D-thiogalactopyranoside and 100 M ampicillin, cultures were further incubated at 30°C to an A 578 of 1.5. Subsequently, cells were harvested by centrifugation. The bacterial cell pellet was re-suspended in an equal volume of 20 mM sodium phosphate buffer, pH 7.5, containing 500 mM NaCl, 10 mM imidazole, 20% (v/v) glycerol, and 10 mM 2-mercaptoethanol (buffer A). Cells were disrupted by sonication, and cell debris was removed by centrifugation for 60 min at 50,000 ϫ g at 4°C. The supernatant was loaded onto a 1-ml nickel-iminodiacetic acid-Sepharose column (Amersham Biosciences) equilibrated with buffer A with a flow rate of 1 ml/min. The column was washed with buffer A containing 50 mM imidazole to remove nonspecifically bound proteins. Bound proteins were eluted with 500 mM imidazole in buffer A. Fractions containing GluTR (1 ml; 2 mg/ml) were pooled and applied to a Superdex 200 high resolution 10/30 gel permeation chromatography column (Amersham Biosciences) pre-equilibrated with 20 mM Na-HEPES, pH 8.1, including 200 mM NaCl, 20% (v/v) glycerol, 5 mM dithiothreitol, and 0.5 mM CHAPS at a flow rate of 0.4 ml/min. Fractions containing GluTR were pooled and concentrated by ultrafiltration (Centricon YM-10; Amicon, Witten, Germany) to 5 mg/ml and stored in aliquots at Ϫ80°C.
Biochemical and Biophysical Characterization of E. coli GluTR-The native molecular mass of recombinant GluTR in the absence of tRNA substrate was estimated using gel permeation chromatography and glycerol gradient centrifugation (19, 20) . The first 15 residues of GluTR (220 g) were sequenced on an Applied Biosystems 477A sequencer linked to a 120A analyzer (19) . Electrospray ionization mass spectrometry data were collected using a Finnigan Mat TSQ 7000 spectrometer. The analyses were carried out with 50 l of GluTR (0.8 mg/ml) in 5% (v/v) methanol containing 0.01% (v/v) acetic acid (19) . For glutaraldehyde cross-linking experiments, various amounts of purified E. coli GluTR (90 -900 g/ml) were incubated for 10 min at room temperature with the aldehyde using concentrations ranging from 0.0001 to 0.01% (w/v) in 30 mM Na-HEPES, pH 8.1, 10 mM MgCl 2 , 15 mM KCl, 20% (v/v) glycerol, and 0.1 mM dithiothreitol. Reaction products were separated via SDS-PAGE and visualized by Coomassie Blue staining.
GluTR Catalytic Assay-The substrate [ 14 C]Glu-tRNA Glu was prepared in a bulk reaction using 100 g of purified E. coli tRNA Glu (Sigma) and 50 g of purified E. coli glutamyl-tRNA synthetase incubated for 20 min at 37°C in 30 mM Na-HEPES, pH 7.5, containing 15 mM MgCl 2 , 25 mM KCl, 3 mM dithiothreitol, 4 mM ATP, and 40 M [ 14 C]Glu (10 Ci) with a specific activity of 284 mCi/mmol (10.5 GBq/ mmol). After incubation, 1/10 volume of ice-cold 3 M sodium acetate, pH 5.2, was added, and the reaction mixture was subjected to phenol/ chloroform extraction and ethanol precipitation. The precipitate was dissolved in 10 mM sodium acetate, pH 4.9, and stored at Ϫ80°C. Recombinant E. coli glutamyl-tRNA synthetase was purified to apparent homogeneity after published procedures (21 , incubated at 37°C for the indicated time periods, and stopped by pipetting aliquots of 15 l from the assay mixture onto Whatman No. 3MM filters. The tRNA was precipitated, washed, and quantified as described previously (22) . Reactions without GluTR for each employed condition served as background controls for spontaneous substrate hydrolysis. The standard deviation of a typical series of measurements was 8%, and the reported activities were rounded to the nearest 5%. For kinetic measurements the NADPH and [
C]Glu-tRNA
Glu concentrations varied between 10 and 600 M and 1 to 100 M, respectively. The kinetic data were analyzed according to Lineweaver and Burk (23) .
High Performance Liquid Chromatography (HPLC) Analysis of GluTR Product Formation-Standard assay mixtures were performed as outlined above with incubation at 37°C for 2 min. In most cases the reaction product GSA was further identified by its specific conversion into ALA using purified E. coli GSA-AM (24) . Reaction products were analyzed on a Waters Bondapack™ C 18 reversed phase column (3.9 ϫ 150-mm, 125-Å pore size, 10-m particle diameter) as described before (25) Trapping and Detection of the Acyl-Enzyme Intermediate-A reaction mixture containing 1 mM [
14 C]Glu-tRNA Glu and 100 M E. coli GluTR in 10 l of standard assay buffer (as outlined above) was incubated for the indicated periods of time at 20°C. The reaction was stopped by addition of an equal volume of 100 mM Tris-HCl, pH 6.8, 10 mM dithiothreitol, 2% (w/v) SDS, 40% (v/v) glycerol, and 0.2% (w/v) bromphenol blue followed by incubation at 95°C for 30 s. After SDS-PAGE and Coomassie Blue staining the gel was dried and exposed for 72 h to a Kodak Storage Phosphor Screen (Bio-Rad). For visualization a Molecular Imager FX (Bio-Rad) was used.
Preparation of tRNA Glu Transcripts in Vitro-The plasmid pKR320 contains the E. coli tRNA Glu gene cloned downstream of a T7 RNA polymerase promoter (26) . The DNA fragment carrying the E. coli tRNA Glu gene and the T7 RNA polymerase promoter were amplified using PCR. To generate the 3Ј-CCA end of tRNA during run-off transcription, the PCR-amplified template DNA was digested with FokI. The in vitro transcription reaction was performed at 37°C for 2.5 h in a buffer containing 40 mM Na-HEPES, pH 8.1, 10 mM MgCl 2 , 40 mM KCl, 10 mM dithiothreitol, 2 mM spermidine, 1 M betaine, 200 g/ml bovine serum albumin, 4 mM each nucleoside triphosphate, the PCRamplified template DNA (0.5 M), and 100 g/ml T7 RNA polymerase. The RNA transcripts were subsequently purified by Mono Q anion exchange chromatography as described before (27) .
RESULTS
Preparation of Recombinant E. coli GluTR-The E. coli hemA gene was expressed under the control of a T7 RNA polymerase-dependent promoter, resulting in an N-terminal His 6 -tag fusion protein. Initially, various expression systems and protocols yielded mainly insoluble HemA as inclusion bodies. Co-expression of hemA with the dnaJK/grpE-encoded chaperone system dramatically increased the amount of soluble GluTR, allowing affinity chromatography purification on Niiminodiacetic acid-Sepharose. SDS-PAGE revealed four major purified proteins with approximate M r values of 69,000, 48,000, 41,000, and 24,000, respectively ( Fig. 1) . N-terminal sequence determination identified the 69,000 protein as E. coli DnaK (calculated molecular mass of 69,114 Da), the 48,000 protein as E. coli GluTR (48,475 Da), the 41,000 protein as E. coli DnaJ (41,043 Da), and the 24,000 protein as an E. coli FKBP-type peptidyl-prolyl cis-trans isomerase. The tight association of the molecular chaperones and GluTR may explain the increased solubility of the recombinant enzyme (28) . Gel permeation chromatography on Superdex 200 separated aggregates of E. coli GluTR, DnaK and DnaJ, from free GluTR (Fig. 1) . Homogeneity of E. coli GluTR was confirmed by electrospray ionization mass spectrometry and SDS-PAGE. One liter of bacterial culture yielded ϳ100 g of GluTR. The calculated molecular mass of the GluTR monomer (48,475 Da) was experimentally confirmed to be 48,448 Ϯ 30 Da by electrospray ionization mass spectrometry. The His tag was removed by thrombin treatment for 10 h at 25°C. Unprocessed fusion protein and cleaved His tag were removed by a second affinity chromatography on nickel-iminodiacetic acid-Sepharose (data not shown). The integrity of native GluTR was checked by N-terminal sequencing and electrospray ionization mass spectrometry. After removal of the His tag, E. coli GluTR retained eight additional Nterminal amino acids (GSHMLEDP) due to the cloning procedure.
Enzymatic Activity of Recombinant E. coli GluTR-The catalytic properties of the recombinant E. coli enzyme were determined by the combination of a substrate depletion assay (13) and HPLC analysis. The assay quantifies the rate of substrate utilization using a standard aminoacyl-tRNA synthetase test (22) . Substrate utilization and product identity were verified using HPLC. Without E. coli GluTR, slow substrate hydrolysis of less than 10% after 2 min was observed. Adding recombinant E. coli GluTR significantly increased E. coli glutamyl-tRNA utilization. The reaction product GSA was quantified by HPLC (Fig. 2, panel B) . As expected, the GluTR reaction product was almost completely converted to ALA by the further addition of purified E. coli GSA-AM (Fig. 2, panel B) .
In contrast to M. kandleri GluTR, Mg 2ϩ ions were observed to stimulate the activity of purified recombinant E. coli GluTR. Adding metal-chelating agents such as EDTA, EGTA, 1,10-phenanthroline, and 2,2Ј-dipyridyl significantly reduced enzyme activity, although this was restored through the addition of Mg 2ϩ , Mn 2ϩ , and Ca 2ϩ . PtCl 4 , and KPdCl 4 as well as Ni 2ϩ and Co 2ϩ inactivated the enzyme (Table I ). These inhibitory effects may be caused by interaction of the metal ions with an active-site residue. Alternatively, heavy metal ions may inactivate GluTR by occupying the Mg 2ϩ -binding site. Under optimal standard assay conditions at pH 8.1 and 37°C, E. coli GluTR has a specific activity of 600 nmol h Ϫ1 mg Ϫ1 (ϭ 0.01 mol min Ϫ1 mg Ϫ1 ) using E. coli Glu-tRNA as substrate. This specific activity was set to 100%. All other reported values were related to this value. The K m and k cat for E. coli Glu-tRNA were, respectively, found to be 24 M and 0.13 s Ϫ1 , and those for NADPH were 39 M and 0.15 s Ϫ1 . The N-terminal His tag had no influence on these catalytic parameters.
Spectroscopic Features of E. coli GluTR-High concentrations of the purified recombinant E. coli GluTR (up to 11 mg/ml) were analyzed using fluorescence and absorption spectroscopy. Typical spectra for tetrapyrroles, flavins, NADPH, NADP ϩ , iron-sulfur clusters, or pyridoxal 5Ј-phosphate/pyridoxamine 5Ј-phosphate were not detected. In agreement with these observations, no stimulation of E. coli GluTR activity by the addition of iron protoporphyrin IX, FAD, FMN, pyridoxal 5Ј-phosphate, and pyridoxamine 5Ј-phosphate was observed (Table I) . From these results we conclude that purified E. coli GluTR does not possess a chromophoric prosthetic group.
Molecular Mass of Native E. coli GluTR-Contradictory molecular mass determinations have previously been reported for E. coli GluTR (8, 29) presumably due to its aggregation through intermolecular disulfide bridges and its tendency to associate with other cellular components (30) . We repeated the native molecular mass determination using homogenous, soluble, and purified E. coli GluTR. Gel permeation chromatography experiments and glycerol gradient centrifugation with recombinant E. coli GluTR revealed a relative molecular mass for the native enzyme of 180,000 Ϯ 10,000 with a Stokes radius of 50 Å. With a calculated molecular mass of 48,475 Da per monomer, a tetrameric E. coli GluTR could be inferred. Without dithiothreitol addition, aggregates of higher M r , more than 2,000,000, dominated next to minor amounts of "tetrameric" enzyme as previously noted for M. kandleri GluTR (13) . The crystal structure of the latter, however, rather than confirming a tetramer, revealed an extended dimer with a deduced Stokes radius of ϳ80 Å. To confirm a dimeric structure for E. coli GluTR, crosslinking experiments using glutaraldehyde with subsequent SDS-PAGE were performed. The addition of increasing amounts of glutaraldehyde led to the formation of significant amounts of GluTR with a M r of ϳ95,000 Ϯ 5,000 kDa (data not shown). These experimental results together with a sequence identity of 60% to M. kandleri GluTR indicate that E. coli GluTR is also a homodimeric enzyme with an extended structure.
E. coli GluTR Requires Cys-50 for Catalysis-The catalytic mechanism of M. kandleri GluTR involves an active-site cysteine that forms a thioester to the substrate before NADPHdependent reduction (13) . To identify the corresponding nucleophilic amino acid in E. coli GluTR, the enzyme was chemically modified. As shown in Table I , treatment of E. coli GluTR with iodoacetamide, N-tosyl-L-phenylalanine chloromethyl ketone, and 5,5Ј-dithiobis(2-nitrobenzoic acid) totally abolish enzymatic activity. Together with the observed heavy-metal sensitivity, this confirms the involvement of one or more nucleophilic cysteines in catalysis. To identify the cysteine residues involved, all cysteines in the protein, Cys-50, Cys-74, and Cys-170, were individually replaced by serine. Only mutant GluTR, C50S, is inactive (Table II) . The remaining two mutants retain full catalytic activity. Cys-50 is the only cysteine conserved in all known GluTRs (more than 40 known genes compared), confirming the importance of this residue. Cys-50 of E. coli GluTR presumably attacks the ␣-carbon of glutamate attached to tRNA, forming a thioester intermediate between enzyme and glutamate. As is common to enzymes forming thioester intermediates, e.g. aldehyde dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase, M. kandleri GluTR has a substratecleaving esterase activity in the absence of the reducing agent NADPH (13) . This is also true of E. coli GluTR. HPLC analysis of the reaction products reveals the liberation of glutamate from the tRNA. The catalytic rate of GluTR-dependent GlutRNA esterase activity observed in the absence of NADPH was comparable with the catalytic rate of the GluTR reductase activity in the presence of NADPH (Fig. 2, panel A) .
Detection of the Thioester Intermediate of E. coli GluTR-To verify the proposed reaction intermediate, the enzyme was incubated with [
14 C]Glu-tRNA Glu , and after SDS-PAGE, the gel was analyzed for enzyme-bound [ 14 C]Glu. Incubation of GluTR with [
14 C]glutamate-labeled glutamyl-tRNA resulted in the generation of radioactive enzyme that could be isolated by SDS-PAGE and detected by autoradiography (Fig. 3) (Fig. 3, panel A) . Longer incubation without NADPH also led to a loss of the radioactive label due to esterase-mediated thioester hydrolysis.
Properties of Genetically Selected GluTR Mutants-An established genetic screen for E. coli mutants deficient in heme biosynthesis was employed to screen for hemA mutants (18) . The mutants obtained were cloned, and the nature of the mutations was identified by DNA sequencing. The mutant enzymes, G7D, S22L/S164F, G44C/S105N/A326T, G106N, E114K, S145F, G191D, and R314C, were produced and purified as described above. Most mutant GluTRs were defective in The pH of the substances indicated were adjusted to 8.1 and preincubated with purified E. coli GluTR under standard assay conditions (see "Experimental Procedures") for 15 min before reactions were started by adding radioactive E. coli glutamyl-tRNA substrate.
b GluTR activity was measured by the substrate depletion assay (see "Experimental Procedures"). Product formation was verified by HPLC analysis. The specific activity of GluTR without additions represents 100%. Other measured activities were related to that.
c GluTR was pretreated for 30 min at room temperature with the indicated amounts of chelator. The chelator was removed by extensive dialysis against standard assay buffer without MgCl 2 . GluTR was assayed under standard conditions with additions as indicated.
d ND, not detectable. e Purified E. coli GluTR was pretreated for 30 min at room temperature with modifying reagent or potential inhibitor as indicated. Residual reagent was removed from the assay by centrifugation through a Sephadex G50 spin column under test conditions before activity determination. ND  C74S  110  120  C170S  95  90  G7D  ND  ND  R314C  ND  ND  G44C/S105N/A326T  ND  ND  G106N  ND  ND  S145F  ND  ND  S22L/S164F  ND  ND  E114K  ND  ND  G191D 105 ND a GluTR mutants were constructed, selected, produced, purified, and analyzed as outlined ("Experimental Procedures").
b GluTR activity was measured in the presence (reductase activity) and absence (esterase activity) of NADPH using the substrate depletion assay as outlined. Product formation was verified by HPLC analysis. GluTR-specific reductase and esterase activity obtained with the wildtype enzyme represent 100%. Mutant activities were related to that.
c ND, not detectable.
reductase and esterase function, indicating the complete loss of enzymatic activity caused by the single and multiple mutations (Table II) . The variant G191D exhibited significant esterase but no reductase activity. The catalytic defects observed may be rationalized using the crystal structure of GluTR from M. kandleri in combination with a structure-based sequence alignment of GluTR from M. kandleri and E. coli (Fig. 4, panel B) . Most mutations are located in the multifunctional N-terminal domain of the enzyme (Fig. 4, panel A) . Especially changes to the hydrophobic core may affect the folding and stability of the domain and influence the molecular surface involved in interactions with the tRNA substrate. Residue Gly-7 (corresponds to Gly-8 in M. kandleri) exchanged in the mutant G7D will disrupt the ␤␣␤ 2 subdomain predicted to be involved in binding the D-arm of Glu-tRNA (14) . Similarly Ser-105 (Cys-90), Gly-106 (Gly-91) and Ser-145 (Ala-130) in the mutants G44C/S105N/A326T, G106N, and S145F are all located in the combined 4-helix bundle formed by three C-terminal ␣-helices of the N-terminal domain and the spinal helix. Gly-106 (Gly-91), located at the C-terminal end of the first long ␣-helix furthermore adopts a cis conformation, which would be unlikely for asparagine, destroying the helix-turn-helix conformation. G44C and A326T of the G44C/S105N/A326T mutant are conservative replacements and should not affect the enzyme activity. Glu-114 (Glu-99) recognizes the amino group of the substrate glutamate. Replacing this by lysine in the mutant E114K abolishes this important interaction and partly blocks the glutamate recognition pocket. The remaining two mutants, S22L/S164F (R23/S149) and R314C (R300), affect the cleft between the N-terminal and NADPH binding domains. This cleft is assumed to accommodate the acceptor stem of the tRNA (14) . The mutant S22L/ S164F affects two residues on opposite sides of the cleft. In the wild-type E. coli protein, both may be involved in hydrogen bonding to the tRNA, and replacing the serines by hydrophobic side chains would introduce unfavorable charged-hydrophobic interactions. Ser-22 does not correspond to a strongly conserved residue, however, so S22L will not be influential. Ser-164, by contrast, is highly conserved and is located at the narrow end of the cleft. Replacing it by a bulky phenylalanine will prevent tRNA binding. Ser-164 is furthermore located in the region expected to undergo maximal conformational change when the NADPH binding domain swings around to place NADPH near the thioester. A mutation in this region may inhibit the movement of the NADPH binding domain. Similarly, Arg-314 (Arg-300) is an invariable residue in all GluTRs. It is prominently located at the bottom of the interdomain cleft and has been proposed to bind one of the bases of the 3Ј CCA bases of the glutamyl-tRNA (14) . Replacing this residue by Cys in R314C destroys this vital interaction, possibly required to release the latch to allow the NADPH binding domain to swing around the end of the spinal helix, enclosing the tRNA and completing the active site. The mutation Gly-191 (Gly-176) hits the second glycine of the GXGXXG/A (GXGXXI in E. coli) NADPH-recognition motif (31) of the NADPH binding domain. This amino acid exchange prevents NADPH binding of mutant GluTR G191D. In agreement with this structural prediction, GluTR G191D revealed full esterase activity while lacking reductase capabilities.
Structural Aspects of Completely Conserved GluTR Residues-In total, 13 residues are conserved among all known GluTR primary sequences (Fig. 4) . Cys-50 is the active-site cysteine and is required for nucleophilic attack on the tRNAbound substrate. Eight of the remaining conserved residues are also located in the catalytic domain and are predominantly involved in binding the glutamate moiety of glutamyl-tRNA. Thus, Thr-49, Arg-52, and Ser-109 hydrogen-bond the free sidechain carboxyl-group of tRNA-bound glutamate from different directions, ensuring its specific recognition and orientation in the substrate recognition pocket. The side chain of Gln-120 forms a double hydrogen-bond to the amide, and carbonyl groups of the substrate glutamate, Glu-114, similarly hydrogen bond the amide group. Together they ensure the required localization of the substrate. Gly-113, adjacent to Glu-114, is located in the hydrophobic core of the catalytic domain and adopts a / conformation available only to glycine. Replacement by any other amino acid would disturb the orientation of Glu-114, upsetting the substrate recognition pocket. The remaining two conserved residues, Glu-54 and His-99, form hydrogen-bonds to Arg-52, keeping it in place during catalysis and possibly aiding in allowing Arg-52 to swing away after liberation of GSA, opening the back door to GSA-AM.
Four residues are conserved within the NADPH binding domain and are all involved in binding this cofactor or possibly in binding to tRNA, closing the active site after tRNA has bound. Thus Gly-189 is part of the classical GXGXXG nucleotide binding motif (31) (32) . To assess the significance of posttranscriptionally modified bases for recognition by GluTR from E. coli, we compared unmodified E. coli tRNA Glu , transcribed in vitro, with fully modified tRNA Glu (Fig. 5) . The catalytic rate of E. coli GluTR with both the unmodified and fully modified Glu-tRNA was comparable. HPLC analysis of the formed product indicated in both cases GSA formation. Thus, we directly demonstrated that glutamyl-tRNA recognition by GluTR is independent of posttranscriptional modifications, in contrast to tRNA Glu recognition by glutamyl-tRNA synthetase (32, 33) . Similar to GluTR from M. kandleri, the enzyme from E. coli is inhibited by glutamycin (Table I) . Tight coordination of the glutamate moiety of glutamycin and Glu-tRNA, similar to that observed for the crystal structure of M. kandleri GluTR, was concluded. To test the contribution of the tRNA moiety of glutamyl-tRNA to substrate binding, competition experiments with non-amino- acylated-modified and unmodified E. coli tRNA Glu were performed. The addition of both types of tRNA Glu to the reaction mixture did not change the catalytic rate of E. coli GluTR with its Glu-tRNA substrate (Table I ). All these results indicate a dominating contribution of the glutamate moiety of glutamyltRNA to substrate recognition by GluTR. DISCUSSION GluTR, the first enzyme in the multi-step pathway of tetrapyrrole biosynthesis in most prokaryotes and plants, is a key regulatory point for heme, vitamin B 12 , and chlorophyll formation. Unlike other oxidoreductases, the enzyme uses tRNA for the activation of the glutamate to be reduced. As such, GluTR has remarkable specificity in tRNA selection not unlike that of an aminoacyl-tRNA synthetase (34) . Because of the paucity of the enzyme in biological samples and the poor solubility of the protein, earlier studies on the enzymatic mechanism and its structure were difficult, and the scope of the results was quite limited (6 -12, 29, 30) . Our finding that co-expression of chaperones with hemA gives rise to soluble GluTR preparations in ample amounts now makes the E. coli system accessible to comprehensive biochemical and genetic investigations. The recent crystal structure determination of GluTR from the hyperthermophilic Archaea M. kandleri enzyme provided a structure-based proposal for GluTR catalysis (14) . The detection of the proposed central thioester intermediate of E. coli GluTR described here provides proof for the previous hypothesis of a GluTR mechanism. Further biochemical analysis of E. coli GluTR revealed significant similarities to catalytic and structural features previously determined for M. kandleri GluTR. The crystal structure furthermore explains the E. coli GluTR variants defective in tetrapyrrole synthesis. Using the mesophilic, genetically established E. coli GluTR system, important questions concerning substrate channeling between GluTR and GSAM, heme-mediated GluTR proteolysis and protein-tRNA interactions may now be addressed experimentally (14, 33, 35) . The results should shed light not only on the mechanism and structure of the enzyme, its protein, and RNA interaction partners but also the regulation of porphyrin synthesis and the role of tRNA in processes other than protein biosynthesis.
CONCLUSION
Biochemical characterization of E. coli GluTR revealed significant similarity to catalytic and structural features previously determined for the hyperthermophilic Archaea M. kandleri GluTR. The M. kandleri crystal structure provided obvious explanations of E. coli GluTR defects caused by genetically selected ALA auxotrophic hemA mutants. The functional relevance of various highly conserved residues became visible. In combination with a recent theoretical analysis of plant GluTRs, these results indicate the general nature of the proposed GluTR mechanism and structure (13, 15, 16) . The isolation and detection of the central thioester intermediate described here proved the previous hypothesis for GluTR catalysis.
The in vitro synthesis of glutamyl-tRNA allows the contribution of tRNA in substrate utilization by GluTR to be evaluated. This system may provide the experimental basis to determine the glutamyl-tRNA identity elements involved in enzyme recognition and binding.
